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Edited by Michael R. SussmanAbstract GIGANTEA (GI) is a key regulator of photoperiodic
ﬂowering in Arabidopsis and encodes a protein with no domains
of known biochemical function. Expression of GI mRNA is con-
trolled by the circadian clock, but GI protein accumulation has
not been previously investigated. We generated plants that pro-
duced functional epitope-tagged GI to enable us to track the pro-
tein through the daily cycle. Here we show that GI protein levels
oscillate when either constitutively overexpressed or driven by its
promoter and that its accumulation is modulated by day length
as well as by phase-speciﬁc factors. Also, we demonstrate that
one of the mechanisms underlying GI protein oscillation occurs
post-translationally via dark-induced proteolysis by the 26S pro-
teasome.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: GIGANTEA; Photoperiodism; Flowering time;
Arabidopsis1. Introduction
Many organisms use day length (photoperiod) as a seasonal
cue to enable them to reproduce at favorable times of the year.
In Arabidopsis, molecular genetic and physiological analyses of
late-ﬂowering mutants such as gigantea (gi) and constans (co)
uncovered the photoperiod pathway that promotes ﬂowering
in response to long days (LD) [1,2]. In LD, interaction between
photoreceptors, the circadian clock (an internal time keeper
which drives plant rhythms with a 24 h periodicity) and cir-
cadian regulated ﬂowering-time genes leads to CO protein
accumulation at the end of the light period and subsequent
transcriptional activation of the ﬂoral integrator gene FLOW-
ERING LOCUS T (FT) which promotes ﬂowering [3–7].
GI was isolated as a key component of the photoperiod
pathway encoding a large, nuclear, plant-speciﬁc protein that
acts upstream of CO [3,8–11]. The gi mutant has reduced
expression of CO, while plants overexpressing GI from the*Corresponding author. Fax: +64 9 373 7417.
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doi:10.1016/j.febslet.2006.01.016strong viral promoter (35S::GI) show an increase in CO
mRNA and accelerated ﬂowering even in non-inductive short
day conditions (SD) [3,11]. GI mRNA cycles and is under cir-
cadian control peaking 8–10 h after dawn, but GI also feeds
back to the clock helping to maintain robust rhythms in light
and dark [8,9,11,12]. Both gi mutations and 35S::GI perturb
general circadian rhythms in continuous light or dark and de-
lay their phase in diurnal cycles [8,9,11,12]. However, despite
the role of the circadian clock in seasonal time keeping, sys-
tematic analyses of mutant and transgenic plants suggest that
GI has distinct roles in ﬂowering time and rhythmicity [11]. GI
has additional pleotropic eﬀects which include repressing the
elongation of seedling hypocotyls in red light [10].
While GI protein interacts in yeast with SPINDLY, an O-
linked b-N acetylglucosamine transferase with a proposed
role in gibberellin signalling [12], the mechanisms by which
GI protein exerts its eﬀects are largely unknown, as it has
no domains of known biochemical function, and its pattern
of accumulation in plants has not previously been reported.
To investigate GI biochemistry further, we raised antibodies
to recombinant GI protein to track GI in plant extracts by
immunoblotting, but were unable to detect GI protein repro-
ducibly (data not shown). Thus here we have generated trans-
genic Arabidopsis plants expressing functional, epitope-tagged
GI proteins and used antibodies to the tags to detect GI. We
report that GI protein levels oscillate when either constitu-
tively overexpressed or driven by its promoter. Our analysis
of the regulation of 35S::GI fusion proteins has uncovered
post-transcriptional regulation of GI gene expression by light
and dark.2. Materials and methods
2.1. Plant material and growth conditions
The Arabidopsis plants used were Columbia (which is referred to WT
in the text) and the gi-2 mutant (Columbia background) [1]. Plants
were grown in soil Percival growth chambers at 22 C under LD
(16 h light/8 h dark) or SD (8 h light/16 h dark) under cool white ﬂuo-
rescent bulbs with a light ﬂuence rate of 110 lEm2 s1. Light in
these chambers was ﬁltered using a LEE 106 primary red ﬁlter to give
red light (640 nm, 30 lEm2 s1) or using a LEE HT363 special med-
ium blue ﬁlter to give blue light (450 nm, 20 lEm2 s1).
2.2. Gene expression constructs and transgenic plants
The epitope tags fused to GI were haemagglutinin (HA) or tandem
aﬃnity puriﬁcation (TAP). Details of cloning of the 35S::GI constructs
(35S::HA-GI and 35S::GI-TAP) and the construct where the GI fusion
protein is expressed from the native GI promoter (GI::GI-TAP) are
available from the authors. The constructs were used to transformblished by Elsevier B.V. All rights reserved.
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with single locus insertions were used for further analysis. Flowering
time analysis, total RNA extraction (aerial parts of 15-day-old plants)
and northern blots were performed as described [8].
2.3. Immunoblot analysis
Crude protein extract (80–100 lg) from 15-day-old seedlings was
separated by SDS–PAGE and Western blotting performed. Anti-HA
high aﬃnity (clone 3F10, Roche) and peroxidase anti-peroxidase solu-
ble complex (Sigma) were used to detect HA-GI and GI-TAP proteins
respectively. Actin, detected using MAB1501 (Chemicon), or Coomas-
sie Brilliant Blue (CBB) staining were used as loading controls. All
experiments were done at least twice on independent samples. Graphs
show standardized quantiﬁcation of HA-GI or GI-TAP levels from
one representative blot. Immunoblots presented were carried out on
35S::HA-GI line HA-1 and GI::GI-TAP line 30. The 35S::GI-TAP line
TAP2 was used in Suppl. Fig. 1.
2.4. Proteasome assay
Cell-free degradation assay. Fifteen-day-old seedlings were ground in
liquid nitrogen, resuspended in buﬀer (50 mM Tris–HCl pH 7.5,
100 mM NaCl, 10 mM MgCl2, 5 mM DTT, 5 mM ATP and 1X plant
cocktail protease inhibitor (Sigma)) and clariﬁed by centrifugation. Ex-
tracts were incubated at room temperature with or without 10 lM of
the proteasome inhibitor MG132 (Peptide international). Reactions
were stopped by adding Laemmli buﬀer. In vivo proteasome assay.
Plants were grown on MS medium with 1% sucrose for 12 days in
SD. Seedlings were covered with deionized water containing 10 lM
of each proteasome inhibitor (MG115, MG132, PSI, Peptide Interna-
tional) and samples collected after 4 h of treatment. We also tested the
eﬀect of MG115 alone in the in vivo assay and found that GI was sta-
bilized (data not shown).3. Results
3.1. GI protein cycles in overexpressing lines
To investigate the accumulation of GI protein, we con-
structed transgenic gi-2 lines expressing epitope-tagged GI pro-
tein from the constitutive 35S promoter. The 35S::GI fusion
proteins (35S::HA-GI or 35S::GI-TAP) were functional, as
they rescued the late ﬂowering phenotype of gi-2 mutants in
LD, while in SD the majority of the transgenic lines ﬂoweredFig. 1. GI protein cycles in 35S::GI lines. (A) Flowering time of transgenic
hybridization as loading control. (C) Immunoblots showing HA-GI protein
time (ZT) is time in hours after dawn. The transgenic lines are in the gi-2 mslightly earlier than WT plants (Fig. 1A, Suppl. Fig. 1a). GI
mRNA and GI protein levels were analyzed during the daily
cycle. Sampling time was expressed in hours as zeitgeber time
(ZT), which is the number of hours after dawn. GI mRNA was
expressed constitutively in the transgenic lines, as high levels of
transcript were observed at all time points tested in LD and SD
(Fig. 1B). However, Western blotting showed that 35S::GI
protein levels cycled, particularly in SD (Fig. 1C, Suppl.
Fig.1b). In LD, the cycle had a low amplitude with a broad
peak of 35S::GI protein expression from ZT 4–12 with slightly
lower abundance, 70% of peak levels, at dawn and during the
night. Similar peak levels were reached in SD at ZT 8, but the
amplitude of accumulation was much higher with trough levels
10-fold less than peak levels. These results indicate that
35S::GI protein accumulates during the day and declines at
night and is post-transcriptionally regulated. In addition,
35S::GI seems to be sensitive to day length, which is not unu-
sual. This phenomenon has been observed for the CRYPTO-
CHROME 2 (CRY2) protein which promotes ﬂowering in
LD and accumulates to a constant level in LD, but oscillates
during SD [13].
3.2. Eﬀect of light and dark on 35S::GI protein accumulation
To investigate the regulation of 35S::HA-GI protein abun-
dance by light and dark, plants were subjected to altered
light/dark transitions. Exposing SD plants to an extended
day resulted in stable GI accumulation, rather than the decline
usually observed at night in SD (Fig. 2A). Similar results were
obtained when extending the light period of a SD with blue or
red light (Fig. 2B), suggesting that accumulation of GI protein
in these day extension experiments is not dependant solely on
blue or red light photoreceptors. This appears to be unlike CO
protein which is unstable in red light, but stable in blue light
[7]. In contrast, when LD grown 35S::GI plants were exposed
to an extended night, GI levels declined (Fig. 2C). These results
suggest that 35S::GI protein levels respond directly to light/
dark transitions, increasing in the light and decreasing in
darkness.lines (mean ± SE). (B) Northern analysis of GI expression with rRNA
expression (130 kDa) with actin (ACT) as loading control. Zeitgeber
utant background.
Fig. 2. Light and dark regulate 35S::GI protein accumulation. (A, B)
35S::HA-GI plants were entrained for 15 days in SD and transferred
into constant white (A), or red or blue (B) light at ZT 8. Samples were
harvested during the preceding night (SD) and in subjective night (LL,
R or B) (C) Plants were entrained in LD and transferred to constant
dark (DD) at ZT 0. Samples were harvested during the preceding day
(LD) and in the subjective day (DD). Immunoblots are shown with
Coomassie staining (CBB) of lower half of gel as loading control.
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To better understand the decline of GI protein in the dark,
we examined whether the rate of decrease was sensitive to
the time of the day the dark period was applied. We shifted
LD-grown 35S::HA-GI plants precociously from light into
the dark (Fig. 3). In plants shifted at ZT 4, GI protein de-
creased by half within 4 h and reached the baseline after 8 h
in the dark (Fig. 3A). Conversely, plants transferred later at
ZT 12, had high GI protein levels during the ﬁrst 8 h before
decreasing and reaching the lowest point only after 20 h intoFig. 3. Eﬀect of a premature shift to darkness on 35S::GI protein abunda
transferred to DD at ZT 4 (A), 8 (B) or 12 (C). Immunoblots of samples harve
into dark. Actin (ACT) was used as loading control.dark (Fig. 3C). At ZT 8 the decline was intermediate
(Fig. 3B). Thus we observed that GI protein levels declined
more rapidly the earlier in the day that the shift to darkness
occurred. These results raise the possibility that exposure to
the light period of a LD delays the subsequent decline of
35S::GI in the dark.
3.4. Proteasome-dependant degradation of 35S::GI protein in
the dark
As 35S::GI protein levels decrease in darkness, we examined
if this was due to the action of the (Ub)/26S proteasome, which
is involved in degrading a wide range of plant proteins in both
the nucleus and cytoplasm [14]. Addition of proteasome inhib-
itors in vivo at ZT 16 to SD 35S::HA-GI seedlings caused GI
protein levels to strongly increase by ZT 20, as compared with
untreated plants (Fig. 4A). Similarly, in a cell-free assay, GI
levels from samples taken at ZT 16 in SD were signiﬁcantly re-
duced within 30 min in the absence of proteasome inhibitors
(Fig. 4B). In contrast, in the cell-free assay no diﬀerence in
GI level was observed, with or without proteasome inhibitors,
in samples extracted from plants in the light at ZT 4 (Fig. 4B).
Taken together, these results indicate that GI is degraded via
the 26S proteasome pathway in the dark.
3.5. Cycling of GI protein in GI::GI lines
Finally, we examined GI protein abundance when the GI
cDNA was driven by its own promoter (GI::GI-TAP). The
construct rescued the late-ﬂowering phenotype of the gi-2 mu-
tant in LD (Fig. 5A). The GI::GI protein oscillated strongly in
both LD and SD conditions accumulating to similar amounts
with a sharp peak of expression at ZT 12 in LD and an ear-
lier peak at ZT 8 in SD (Fig. 5C). This cyclical expression
correlates with GI mRNA expression in the GI::GI-TAP lines
(Fig. 5B), and is consistent with previous reports that endoge-
nous GI transcript levels are rhythmic and are regulated by day
length, peaking earlier in SD than in LD [8,9].4. Discussion
In wild-type plants control of GI transcript accumulation is
exerted at the level of transcription by the circadian clock as
the GI promoter confers rhythmic expression on a LUC repor-
ter gene that persists even in constant light conditions [15]. Innce. Plants overexpressing GI were entrained for 15 days in LD and
sted at the beginning of the experiment (T0) and every 4 h after transfer
Fig. 4. 35S::GI protein is degraded by the proteasome in the dark. (A)
In vivo assay. Plants were grown in SD and treated at ZT 16 with
proteasome inhibitors (PI) then harvested at ZT 20. Controls are no
treatment (C) or treated with water (W). (B) Cell-free assay. Plants
were grown in SD and samples collected at ZT 4 or 16. Protein extracts
were incubated with or without the proteasome inhibitor (PI).
Immunoblots are shown with staining (CBB) of lower half of gel as
loading control.
Fig. 5. Cycling of GI protein in GI::GI-TAP lines. (A) Flowering time
of transgenic lines (mean ± SE) (B) Northern blot of GI-TAP mRNA
with rRNA as loading control. (C) Immunoblots of GI-TAP protein
with actin (ACT) as loading control. The transgenic lines are in the gi-2
mutant background.
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GI protein is expressed in a similar pattern to its mRNA and
oscillated in both LD and SD peaking in the evening (Fig. 5).
However, when GI is placed under the control of the constitu-
tive 35S promoter the amount of GI protein still oscillates,
increasing in the light and decreasing in darkness in diurnal cy-
cles (Fig. 1, Suppl. Fig. 1). Although simple transcriptional
regulation could account for the GI protein pattern in
GI::GI-TAP transgenic plants, the use of the 35S::GI plants
uncovered a second level of regulation. We have shown that
the abundance of 35S::GI protein is directly responsive to
light/dark transitions (Figs. 2 and 3) and that one mechanism
regulating its level in the dark occurs via GI proteolysis by the
26S proteasome (Fig. 4). This post-translational regulation of
35S::GI bears some similarity to that of 35S::CO protein which
also cycles despite constitutive mRNA expression. CO protein
accumulates in the light and then is ubiquitinated and de-
graded in darkness by the 26S proteasome, but CO levels show
a more dramatic decline in the dark than GI [7].
The pattern of accumulation of GI::GI protein resembles
that of several other proteins that function to promote ﬂower-
ing in LD or to maintain circadian rhythms. The latter include
TIMING OF CAB EXPRESSION 1 (TOC1) which is an even-
ing-expressed protein that forms part of the autoregulatorynegative feedback circadian-clock loop [16]. Like GI, it upreg-
ulates expression of the mRNA encoding the clock compo-
nents LATE ELONGATED HYPOCOTYL (LHY) and
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) in the
morning and is unstable at night [16,17]. TOC1 protein is pref-
erentially targeted by the F-box protein ZEITLUPE (ZTL) for
degradation in the dark by the 26S proteasome [17].
GI is also expressed in a similar phase to the ZTL-related,
FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1)
protein, which promotes ﬂowering in LD by boosting CO tran-
scription in the latter part of the day [5,6]. Since the major ef-
fect of GI on ﬂowering in LD is via up regulation of CO
mRNA levels [3], the presence of GI in the evening in LD
might be considered to be consistent with a role in promoting
CO transcription. However, in SD, despite detection of GI in
the light period, there is only a weak promotion of ﬂowering
(both 35S::GI and GI::GI transgenics ﬂower slightly early in
SD than wild-type plants, Fig 1, Suppl. Fig. 1, Fig. 5) suggest-
ing either that this level of GI is insuﬃcient to promote rapid
ﬂowering or that GI modiﬁcations or interactions that only oc-
cur in LD are needed for rapid ﬂowering in our transgenic
plants. A related phenomenon may be the day-length or
phase-speciﬁc eﬀects that we observed on the rate of 35S::GI
protein decline in the dark (Fig. 3).
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fects of a 35S:GI construct on ﬂowering time with transgenic
plants still showing a response to photoperiod, but ﬂowering
very early in SD compared to wild-type (12 leaves vs. 47 leaves)
[11]. The diﬀerence may be due to the diﬀerent genotype used
(Landsberg erecta), diﬀerent over-expression vectors and the
absence of an epitope tag fused to GI and perhaps the post-
transcriptional component of GI expression by light and dark
could not compensate for the ongoing production of high lev-
els of GI mRNA. In addition, we proposed that a reason the
lhy cca1 double mutant, which is strongly impaired in circa-
dian rhythmicity, ﬂowered very early in SD was the earlier
peak of expression of GI mRNA at 4 h after dawn, which
in turn led to an earlier phase of expression of CO and FT.
However, the results from the 35S::GI plants described in this
report raise the possibility that lhy cca1 may regulate ﬂowering
time in SD not just by changing the phase of GI expression, but
also by aﬀecting the phase of accumulation/degradation of GI
and other ﬂowering time proteins such as CO.
Overall, the analysis of protein accumulation in the 35S::GI
and GI::GI lines reported here suggest that GI expression is
strictly regulated at multiple points from circadian clock con-
trol of transcription to protein accumulation/degradation by
light and dark signals. These controls appear to work together
to ensure that GI protein is present in anticipation of the even-
ing in a narrow temporal window, and probably allow its
abundance to be further honed by seasonal changes in the tim-
ing of dusk. While the functional signiﬁcance of the pattern of
GI accumulation remains to fully understood, our discovery of
post-transcriptional regulation of GI may provide future
opportunities for new types of screens for regulators of GI,
which in turn may provide fresh insights into the regulation
of processes such as seedling photomorphogenesis, circadian
rhythmicity and photoperiodic ﬂowering.
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